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PDF: Connecting Experiment with Theory

Issues: 
• σo: Experimental precision, statistics, sys. uncertainties 
• σa→b: scale uncertainties (especially for pT < 10 GeV) 
• Db→o: “black box” similar to PDFs (input from e+e-)
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PDF (pp): Impact of Precision DIS (HERA)
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Nuclear PDFs (nPDFs)

Issues: 
• Same as in pp 

Plus 
• Final state effects 
• low-x: gluon 

saturation requires 
BK/JIMWLK instead 
of DGLA/BFKL to 
derive PDFs 
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Goal: Describe initial state of nuclei

Note:  Not really an issue but rather a blessing since it will give 
us insight into the realm where gluon saturation effects emerge



nPDFs: Where Do We Stand?
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Contemporary nuclear PDF fits

up valence up sea gluons

  

Contemporary nuclear PDF fits

up valence up sea gluons

Large Differences among nPDF fits, especially for gluons



nPDFs: What Causes the Trouble?
Data Sets (here EPS09) 
• Dominated by DIS and DY 
• Exception are π0 
‣ Sensitive to g(x,Q2) 
‣ DSSZ w=1 and EPS09 w=20
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Experiment Process Nuclei Data points χ2 LO χ2 NLO Weight Ref.

SLAC E-139 DIS He(4)/D 21 6.5 7.3 1 [20]
NMC 95, re. DIS He/D 16 14.5 15.6 5 [21]

NMC 95 DIS Li(6)/D 15 23.6 16.8 1 [22]
NMC 95, Q2 dep. DIS Li(6)/D 153 162.2 157.0 1 [22]

SLAC E-139 DIS Be(9)/D 20 9.6 12.2 1 [20]
NMC 96 DIS Be(9)/C 15 3.8 3.8 1 [23]

SLAC E-139 DIS C(12)/D 7 4.1 3.2 1 [20]
NMC 95 DIS C/D 15 15.0 13.8 1 [22]
NMC 95, Q2 dep. DIS C/D 165 141.8 142.0 1 [22]
NMC 95, re. DIS C/D 16 19.3 20.5 1 [21]
NMC 95, re. DIS C/Li 20 30.3 28.4 1 [21]
FNAL-E772 DY C/D 9 7.5 8.3 1 [24]

SLAC E-139 DIS Al(27)/D 20 10.9 12.5 1 [20]
NMC 96 DIS Al/C 15 6.0 5.8 1 [23]

SLAC E-139 DIS Ca(40)/D 7 5.0 4.1 1 [20]
FNAL-E772 DY Ca/D 9 2.9 3.4 15 [24]
NMC 95, re. DIS Ca/D 15 25.4 24.7 1 [21]
NMC 95, re. DIS Ca/Li 20 23.9 19.6 1 [21]
NMC 96 DIS Ca/C 15 6.0 6.0 1 [23]

SLAC E-139 DIS Fe(56)/D 26 19.1 23.9 1 [20]
FNAL-E772 DY Fe/D 9 2.1 2.2 15 [24]
NMC 96 DIS Fe/C 15 11.0 10.8 1 [23]
FNAL-E866 DY Fe/Be 28 20.9 21.7 1 [25]

CERN EMC DIS Cu(64)/D 19 13.4 14.8 1 [26]

SLAC E-139 DIS Ag(108)/D 7 3.8 2.9 1 [20]

NMC 96 DIS Sn(117)/C 15 9.6 9.1 1 [23]
NMC 96, Q2 dep. DIS Sn/C 144 80.2 82.8 10 [27]

(x=0.0125 only)

FNAL-E772 DY W(184)/D 9 7.0 6.7 10 [24]
FNAL-E866 DY W/Be 28 27.3 24.2 1 [25]

SLAC E-139 DIS Au(197)/D 21 11.6 13.8 1 [20]
RHIC-PHENIX π0 prod. dAu/pp 20 7.3 6.3 20 [28]

NMC 96 DIS Pb/C 15 6.90 7.2 1 [23]

Total 929 738.6 731.3

Table 1: The data used in our analysis. The mass numbers are indicated in parentheses
and the number of data points refers to those falling within our kinematical cuts, Q2,M2 ≥
1.69GeV2 for DIS and DY, and pT ≥ 1.7GeV for hadron production at RHIC. The quoted
χ2 values correspond to the unweighted contributions of each data set in LO and NLO. Also
the weight factors for data sets are shown.
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nPDF: Do Final State Effects Play a Role? 

• nPDF and vacuum FF can not describe data 
• Hinting we are looking at final state effects
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 41 

pion fragmentation functions [116,117].  Kaons and (anti)protons will also be measured, over the range from 
z < 0.5 at low jet pT to z < 0.2 at high jet pT, with uncertainties a factor of ~3 larger than those for pions. 

 1906 
Data from the HERMES experiment [86] have shown that production rates of identified hadrons in semi-1907 

inclusive deep inelastic e+A scattering differ from those in e+p scattering. These differences cannot be ex-1908 
plained by nuclear PDFs, as nuclear effects of strong interactions in the initial state should cancel in this ob-1909 
servable. Only the inclusion of nuclear effects in the hadronization process allows theory to reproduce all of 1910 
the dependencies (z, x, and Q2) of ReA seen in SIDIS, as shown in Figure 4-15. 1911 

 1912 

 
Figure 4-15: ReA in SIDIS for different nuclei in bins of z as measured by HERMES [86]. The solid lines correspond to 
the results using effective nuclear FF [118] and the nDS medium modified parton densities [119]. The red dashed lines 
are estimates assuming the nDS medium modified PDFs but standard DSS vacuum FFs [120] and indicate that nPDFs 
are insufficient to explain the data 
 1913 

It is critical to see if these hadronization effects 1914 
in cold nuclear matter persist at the higher √s and 1915 
Q2 accessed at RHIC and EIC – both to probe the 1916 
underlying mechanism, which is not understood 1917 
currently, and to explore its possible universality.  1918 
The combination of pp jet data from RHIC and 1919 
future SIDIS data from EIC will also provide a 1920 
much clearer picture of modified gluon hadroniza-1921 
tion than will be possible with EIC data alone.  1922 
Using the 200 GeV p+Au data collected in 2015, 1923 
STAR will be able to make a first opportunistic 1924 
measurement of these hadron-jet fragmentation 1925 
functions in nuclei, but the precision will be lim-1926 
ited.  Additional data will be needed in 2023 in 1927 
order to provide a sensitive test for universality, as 1928 
shown in Figure 4-16.  Unfortunately, almost no 1929 
suitable p+Al data were recorded during 2015.  1930 
Thus, it will also be critical to collect data with a 1931 
lighter nuclear target in 2023, such as Al, to estab-1932 
lish the nuclear dependence of possible medium 1933 
modifications in the final state, which is not pre-1934 
dicted by current models. 1935 

STAR has provided the first ever observation 1936 
of the Collins effect in pp collisions, as shown in 1937 

Figure 1-7. RHIC has the unique opportunity to 1938 
extend the Collins effect measurements to nuclei, 1939 
thereby exploring the spin-dependence of the had-1940 
ronization process in cold nuclear matter.  This 1941 
will shed additional light on the mechanism that 1942 
underlies modified nuclear hadronization. STAR 1943 
collected a proof-of-principle set of transversely 1944 
polarized p+Au data during the 2015 run. While 1945 
these data should provide a first estimate of the 1946 
size of medium-induced effects, a high statistics 1947 
polarized p+Au dataset and a scan in A is essen-1948 
tial to precisely determine the mass dependence of 1949 
these effects.  Figure 4-17 shows the anticipated 1950 
precision for p+Au and p+Al during the 2023 1951 
RHIC run. 1952 

It’s important to note that all of the measure-1953 
ments discussed in this subsection involve jet de-1954 
tection at mid-rapidity.  As such, they don’t re-1955 
quire forward upgrades to either STAR or sPHE-1956 
NIX.  However, they do require good particle 1957 
identification over quite a wide momentum range, 1958 
such as that achieved by combining dE/dx and 1959 
TOF measurements in STAR. 1960 
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nPDF Constraints From LHC?
• So far effect of LHC data is rather mild 
• Dijets are the most constraining but focus on large Q2 a 

rather “uninteresting” region 
‣ The (preliminary) data is completely consistent with 

EPS09 – would improve the large-x gluons 
• EW bosons promising to relax condition Ru=Rd

9

  

The CMS p+Pb dijets

Estimate the implications for EPS09 by the 
Hessian reweighting 

weight 1
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The small c2 in comparison to Dc2 = 50 
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“what the data wants”

Complementary to the RHIC pion data
(heavily weighted in EPS09)
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EIC: Structure Functions and nPDFs

FL Strategy (Rosenbluth Separation):
Recall Q2 = x y s
FL = Slope of y2/Y+ for different s at fixed x, Q2
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EIC Impact Study (e+A)
F2 
• Use Pythia6 + EPS09 to generate data 
• Acceptance cuts, smearing 
• Generate sufficient statistics (107 events) to minimize 

statistical fluctuations, scale errors to 10 fb-1 
• Statistical uncertainty is negligible 
• Assume a realistic 3% systematic uncertainty (~HERA) 
• Use HERMES method to calculate F2 from σr 

FL 
• 5 and 20x50 GeV:  A ∫Ldt = 2 fb-1 

• 5 and 20x75 GeV:  A ∫Ldt = 4 fb-1 
• 5 and 20x100 GeV:  A ∫Ldt = 4 fb-1

11



F2 Structure Function in e+A

• The pseudo-data is 
scaled to the EPS09 
calculation 

• Errors on pseudo-data 
and EPS09 are scaled 
for visibility 

• At higher x, uncertainties 
on EPS09 and pseudo-
data are negligible 

• At smaller x, pseudo-
data uncertainties are 
much smaller than 
EPS09 

• Good lever arm at x~10-3 
• Systematic uncertainties 

dominate, not L hungry

12

F2 World Data (A≥Fe)

1 10 102 1030

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

F 2
(x

,Q
2 )

 - 
lo

g 1
0(

x)

Q2 (GeV2)

∫Ldt = 10 fb-1/A

F2 in e+Au

Errors enlarged 
by factor 3 

8.2×10-1

5.2×10-1

3.2×10-1

2.0×10-1

1.3×10-1

8.2×10-2

5.2×10-2

3.2×10-2

2.0×10-2
1.3×10-2

8.2×10-3
5.2×10-3 3.2×10-3 2.0×10-3 1.3×10-3 8.2×10-4

 5.2×10-43.2×10-4

x = 2.0×
10-

4

Data points offset for better visibility



F2 Structure Function in e+A

• The pseudo-data is 
scaled to the EPS09 
calculation 

• Errors on pseudo-data 
and EPS09 are scaled 
for visibility 

• At higher x, uncertainties 
on EPS09 and pseudo-
data are negligible 

• At smaller x, pseudo-
data uncertainties are 
much smaller than 
EPS09 

• Good lever arm at x~10-3 
• Systematic uncertainties 

dominate, not L hungry

12

F2 World Data (A≥Fe)
CTEQ10+EPS09

1 10 102 1030

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

F 2
(x

,Q
2 )

 - 
lo

g 1
0(

x)

Q2 (GeV2)

∫Ldt = 10 fb-1/A

F2 in e+Au

Errors enlarged 
by factor 3 

8.2×10-1

5.2×10-1

3.2×10-1

2.0×10-1

1.3×10-1

8.2×10-2

5.2×10-2

3.2×10-2

2.0×10-2
1.3×10-2

8.2×10-3
5.2×10-3 3.2×10-3 2.0×10-3 1.3×10-3 8.2×10-4

 5.2×10-43.2×10-4

x = 2.0×
10-

4

Data points offset for better visibility



F2 Structure Function in e+A

• The pseudo-data is 
scaled to the EPS09 
calculation 

• Errors on pseudo-data 
and EPS09 are scaled 
for visibility 

• At higher x, uncertainties 
on EPS09 and pseudo-
data are negligible 

• At smaller x, pseudo-
data uncertainties are 
much smaller than 
EPS09 

• Good lever arm at x~10-3 
• Systematic uncertainties 

dominate, not L hungry

12

F2 World Data (A≥Fe)
CTEQ10+EPS09

1 10 102 1030

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

F 2
(x

,Q
2 )

 - 
lo

g 1
0(

x)

Q2 (GeV2)

∫Ldt = 10 fb-1/A

F2 in e+Au

Errors enlarged 
by factor 3 

5 on 50 GeV

8.2×10-1

5.2×10-1

3.2×10-1

2.0×10-1

1.3×10-1

8.2×10-2

5.2×10-2

3.2×10-2

2.0×10-2
1.3×10-2

8.2×10-3
5.2×10-3 3.2×10-3 2.0×10-3 1.3×10-3 8.2×10-4

 5.2×10-43.2×10-4

x = 2.0×
10-

4

Data points offset for better visibility



F2 Structure Function in e+A

• The pseudo-data is 
scaled to the EPS09 
calculation 

• Errors on pseudo-data 
and EPS09 are scaled 
for visibility 

• At higher x, uncertainties 
on EPS09 and pseudo-
data are negligible 

• At smaller x, pseudo-
data uncertainties are 
much smaller than 
EPS09 

• Good lever arm at x~10-3 
• Systematic uncertainties 

dominate, not L hungry

12

F2 World Data (A≥Fe)
CTEQ10+EPS09

1 10 102 1030

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

F 2
(x

,Q
2 )

 - 
lo

g 1
0(

x)

Q2 (GeV2)

∫Ldt = 10 fb-1/A

F2 in e+Au

Errors enlarged 
by factor 3 

5 on 50 GeV
5 on 100 GeV

8.2×10-1

5.2×10-1

3.2×10-1

2.0×10-1

1.3×10-1

8.2×10-2

5.2×10-2

3.2×10-2

2.0×10-2
1.3×10-2

8.2×10-3
5.2×10-3 3.2×10-3 2.0×10-3 1.3×10-3 8.2×10-4

 5.2×10-43.2×10-4

x = 2.0×
10-

4

Data points offset for better visibility



F2 Structure Function in e+A

• The pseudo-data is 
scaled to the EPS09 
calculation 

• Errors on pseudo-data 
and EPS09 are scaled 
for visibility 

• At higher x, uncertainties 
on EPS09 and pseudo-
data are negligible 

• At smaller x, pseudo-
data uncertainties are 
much smaller than 
EPS09 

• Good lever arm at x~10-3 
• Systematic uncertainties 

dominate, not L hungry

12

F2 World Data (A≥Fe)
CTEQ10+EPS09

1 10 102 1030

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

F 2
(x

,Q
2 )

 - 
lo

g 1
0(

x)

Q2 (GeV2)

∫Ldt = 10 fb-1/A

F2 in e+Au

Errors enlarged 
by factor 3 

5 on 50 GeV
5 on 100 GeV
20 on 100 GeV

8.2×10-1

5.2×10-1

3.2×10-1

2.0×10-1

1.3×10-1

8.2×10-2

5.2×10-2

3.2×10-2

2.0×10-2
1.3×10-2

8.2×10-3
5.2×10-3 3.2×10-3 2.0×10-3 1.3×10-3 8.2×10-4

 5.2×10-43.2×10-4

x = 2.0×
10-

4

Data points offset for better visibility



FL Structure Function in e+A

• The measurement of FL is more complex and more limited 
‣ Much larger uncertainties and much smaller acceptance than F2 

measurement  
‣ Require data from at least 3 different energies in each x,Q2 bin 
‣ Used Rosenbluth Separation technique to extract FL 

‣ Systematic uncertainty (3%) is dominating
13
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FL in e+A: LHeC vs. EIC

• Good complementarity with FL measurement at LHeC 
• Both measurements are limited by their uncertainties and σr appears 

to be the more obvious way to constrain the nuclear PDFs
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EIC - F2c,A Structure Function
F2,c driven by photon-gluon fusion (PGF)
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• As FL is a difficult measurement, F2c may be the way forward 
• Larger uncertainties than F2 but smaller than FL 
• Statistics are not an issue but requires Si detectors 
• At low x, uncertainties are smaller than EPS09
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Can F2c,A Signal Gluon Saturation?
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• Can potentially provide 
access to differences 
between models 

Example:  
Ratio of rcBK to EPS09 
shows the possible 
discriminatory power of this 
measurement 

• F2c,A  suffers from limited x-
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Impact of EIC on nPDF (here EPS09)

• Ratio of PDF(Pb)/PDF(p) 
‣ Without EIC, large uncertainties for sea quarks and gluons 
‣ Adding in EIC, pseudo-data significantly reduces the 

uncertainties, particularly at small-x (global fit by 
H.Paukkunen) 

‣ Fitting the charm pseudo-data has a dramatic effect at high-x 
‣ Shed light on A dependence (here Carbon)
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Elephant in the Glass House
Radiative “Correction” 

• Emission of real photons 
experimentally often not 
distinguished from non-
radiative processes: soft 
photons, collinear photons 

• Studies underway (ignored 
in EIC WP)

18

LEPTONIC RADIATION

Feynman diagrams for leptonic radiation at O(↵) (NC)
for eq scattering:

radiative leptonic tensor
Sµ⌫(l , l 0, k) is

gauge invariant

infrared finite

universal

(includes Born + loops: �(4)(kµ))

H. Spiesberger (Mainz) Radiative Corrections BNL, 3/31 2011 6 / 26

LEPTONIC RADIATION

F obs
n (x , Q2) =

Z
dx̃dQ̃2Rn(x , Q2; x̃ , Q̃2)F true

n (x̃ , Q̃2)

Note: shifted kinematics, e.g.,

Q2 = �(l � l 0)2 ! Q̃2 = �(l � l 0 � k)2

‹ expect strong dependence on experimental prescriptions for measuring
kinematic variables

leptonic variables: measure E and ✓ of scattered lepton ‹ x and Q2

hadronic variables: measure E , ✓ from hadronic final state ‹ x̃ and Q̃2

mixed variables: combine information from leptonic and hadronic final
state

‹ need full Monte-Carlo modelling

H. Spiesberger (Mainz) Radiative Corrections BNL, 3/31 2011 8 / 26

• Expect strong dependence on experimental prescriptions for measuring 
kinematic variables  
‣ leptonic variables: measure E and θ of scattered lepton ⇒ x and Q2  
‣ hadronic variables: measure E, θ from hadronic final state ⇒ x ̃  and Q  ̃2  
‣ mixed variables: combine information from leptonic and hadronic final 

state  
• Need MC to unfold, kinematic cuts can limit effect 
• Detect radiated photon?
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Take Away Message
• Constraints on nPDF without an eA collider are weak and 

uncertain 

• Complete and detailed studies of an EICs capability to 
measure FA2, FAL, FA2,c are done 

• Missing piece is the study of radiative corrections (in progress) 

• In eA, structure functions are sensitive to gluon saturation 

• Measurement of the reduced cross-section at an EIC does 
substantially constraint the gluon and sea nPDFs 

• FA2,c does constrain nPDFs at larger x (EMC effect range) 

• Quality of structure function measurements is dominated by 
systematic uncertainties and less affected my statistics
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Effect of EIC on EPS09
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FL - Rosenbluth Separation
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